Introduction {#s1}
============

Type 1 diabetes is an autoimmune disease that results in destruction of the insulin-producing beta-cells. Cytokines, such as IL-1β, TNF-α and IFN-γ, induce beta-cell death *in vitro*; and the local release of the same cytokines has been proposed to participate in pancreatic beta-cell destruction in vivo [@pone.0061828-Eizirik1]. Indeed, levels of proinflammatory cytokines have been correlated to insulitis and beta-cell destruction in both NOD mice [@pone.0061828-SuarezPinzon1] and human pancreatic biopsies from patients with recent-onset type 1 diabetes [@pone.0061828-Uno1]. After receptor activation, cytokine-induced signaling involves the activation of mitogen-activated protein kinases (MAPK), c-Jun NH2-terminal kinase (JNK), extracellular signal-regulated kinase (ERK), and p38 MAPK [@pone.0061828-Welsh1], [@pone.0061828-Larsen1]. In addition to the mitogen-activated protein kinases, IL-1β and TNF-α--induced signaling results in activation of the pro-inflammatory transcription factor NF-κB [@pone.0061828-Flodstrm1]. It has been suggested that in rodent islets, cytokine-induced cell death is caused by increased nitric oxide production, which results from activation of NF-κB--mediated inducible nitric oxide synthase gene transcription [@pone.0061828-Flodstrm1], [@pone.0061828-Mokhtari1].

Transplantation of isolated islets has become an option to treat selected patients with Type 1 diabetes. However, adequate graft function is seen in less than 10% of patients after 5 years [@pone.0061828-Ryan1]. Immediate post-transplantation cell death and graft failure are likely due to hypoxia in combination with inflammatory events [@pone.0061828-Davalli1]. To increase beta-cell mass and dampen postgrafting inflammation are thus important goals for successful islet transplantation. It is possible that co-transplantation of islet cells with neural crest stem cells (NCSCs) will promote an improved islet transplantation outcome. Indeed, recent studies have demonstrated that NCSCs have an important role in beta-cell differentiation by regulating beta-cell mass during development [@pone.0061828-Nekrep1]. It has also been observed that embryonic dorsal root ganglia affect insulin secretion in co-cultured islets [@pone.0061828-Kozlova1], that co-cultured islets and NCSCs have mutual beneficial effects *in vitro* [@pone.0061828-Kozlova2], and that co-transplantation of NCSC-derived neurospheres with islets induces proliferation and promotes function of transplanted beta-cells [@pone.0061828-Olerud1]. More recently, co-culture of insulin producing cells and NCSC resulted both in protection against cytokine-induced beta-cell death [@pone.0061828-Ngamjariyawat1] and increased growth of the murine beta cell mass [@pone.0061828-Grouwels1]. However, the mechanisms by which NCSCs mediate positive effect on beta cells have not yet been elucidated. Thus, the aim of the present investigation was to closer study interactions between NCSCs and insulin producing cells *in vitro*, and to correlate such interactions with improved survival in response to cytokine exposure. An understanding of such events is crucial for development of new protocols for improved outcome of islet transplantation to diabetes patients.

Materials and Methods {#s2}
=====================

Mice {#s2a}
----

Transgenic heterozygous C57BL/6-β-actin enhanced green fluorescent protein (EGFP) mice (Jackson Laboratories, Bar Harbor, ME, <http://www.jax.org>) were used to generate NCSCs.

Ethic statement {#s2b}
---------------

All procedures were approved by the Regional Ethics Committee for Research on Animals (The Uppsala County Regional Ethics Committee for Research on Animals).

Beta-TC6 cells {#s2c}
--------------

Mouse beta-TC6 cells, purchased from ATCC, were maintained in RPMI-1640 (Gibco, Grand Island, NY, USA) supplemented with 10% fetal calf serum (Sigma Chemicals St Louis, MO, USA), 2 mM L-glutamine, streptomycin (0.1 mg/ml) and benzylpenicillin (100 U/ml). All cells were grown at 37°C in a humidified air incubator with 5% CO~2~.

Preparation of NCSC culture {#s2d}
---------------------------

Dorsal root ganglia from E11.5 day old EGFP mouse embryos were isolated and used to generate NCSC neurospheres (NL38 cell line) from the so-called boundary cap [@pone.0061828-HjerlingLeffler1], [@pone.0061828-Aldskogius1]. Briefly, mice were anesthetized by intraperitoneal injection of xylazine (RompunVR vet.; <http://www.bayer.com>) and ketamine (KetaminolVR vet.; <http://www.intervet.com>) (10 and 100 ng per gram body weight, respectively) and the uterus was removed from the anaesthetised pregnant mouse and placed in cold PBS. Embryos were separated and rinsed in PBS, placed in DMEM/F12 medium (Invitrogen, Carlsbad, CA, USA), supplemented with N-2 (Invitrogen, Carlsbad, CA, USA) (N-2 medium), after which the dorsal root ganglia were removed and collected. Collected dorsal root ganglia were allowed to settle before removing the supernatant fractions and adding a collagenase/dispase (1 mg/mL) (Roche Diagnostics Scandinavia, Bromma, Sweden) and DNase solution (0.5 mg/mL) (Sigma-Aldrich) in N-2 medium and incubating for 20 to 30 min in a 37°C water bath. This was followed by rinsing in N-2 medium supplemented with B-27 (1∶50) (Invitrogen, Carlsbad, CA, USA) titurating and plating of 1 to 2×10^5^ cells/well in a 24-well dish after dissociation. Cells were placed directly into 500 µL N-2 medium containing B-27, epidermal growth factor (20 ng/mL) (R&D Systems, Minneapolis MN, USA) and basic fibroblast growth factor (20 ng/mL) (R&D Systems). After 12 h, non-adherent cells were removed together with half of the medium before adding 250 µL of fresh medium. The medium was then changed every other day (50% of the medium replaced with fresh medium) before neurospheres began to form. Neurospheres from passages 4 to 5 were trypsinised for 5 min to generate free single cell suspensions for subsequent co-culture with beta-TC6 cells.

*In vitro* treatment of cells {#s2e}
-----------------------------

10^5^ dispersed NCSCs were plated in 24-well plates or 0.4 mm pore size PET track-etched membrane inserts (Falcon) and were allowed to cover most of the surface during three days of culture in the N-2 culture medium given above. All wells/inserts were pre-coated with laminin (10 µg/mL) to promote efficient spreading of the NCSCs. After three days 10^4^ beta-TC6 cells were plated either alone or together with the NCSC cells. At this stage the culture medium was changed to RPMI-1640 medium containing the same supplements as given above. For co-culture with inserts the beta-TC6 cells were plated so that the cells were located in the bottom of the well and the NCSC cells were above in the inserts. After two days of co-culture, cells were either left untreated or treated with a mixture of cytokines (20 ng/mL IL-1β+20 ng/mL IFN-γ; Peprotech) for an additional 48 hours. After the cytokine exposure period culture medium samples were analysed for nitrite content using the Griess reagent [@pone.0061828-Welsh1].

Flow cytometry analysis of cell viability {#s2f}
-----------------------------------------

*In vitro* cultures of beta-TC6 cells, NCSCs or beta-TC6 + NCSCs were labelled for 10 min at 37°C with 10 µg/mL of propidium iodide (Sigma-Aldrich). In some experiments cells were treated with the gap junction inhibitor carbenoxolone (50 μM; Sigma Aldrich) during the 48 h cytokine exposure period. The cells were washed once with PBS and then trypsinised for 5 min at 37°C. Cell suspensions were analysed in a Becton Dickinson FACSCalibur flow cytometer for FL1 (GFP) and FL3 (propidium iodide) fluorescence. Cell death frequencies were quantified for GFP positive and GFP negative cells separately, and expressed as percentage of total GFP positive and negative cell numbers, respectively.

Immunostaining {#s2g}
--------------

Cells were fixed in 4% buffered paraformaldehyde at room temperature for 5 minutes then washed with PBS prior to permeabilisation and blocking using PBS with 0.1% triton® X-100 (Sigma), 1% BSA (Sigma), and 3% fetal calf serum. The cells were incubated with primary antibodies in PBS with 1% BSA and 1% fetal calf serum for 30 minutes at 37°C before washing two times with PBS. The cultures were then incubated with secondary antibodies for 30 minutes at 37°C and rinsed three times in PBS for 15 minutes, the second wash included Hoechst 33242 (11 ng/mL, Invitrogen). Coverslips were mounted on glass slides with Dako Cytomation fluorescent mounting solution. Primary antibodies were as follows: anti-NOS2 (monoclonal mouse, 1∶100, Santa Cruz), anti-beta catenin (polyclonal rabbit, 1∶100, Abcam), anti-pan cadherin (monoclonal mouse, 1∶100, Abcam), PE-conjugated alpha6-integrin (1∶100, Abcam), anti-laminin (polyclonal rabbit, 1∶200, Sigma), and phospho-FAK (pY397) (polyclonal rabbit, 1∶100, Invitrogen). Secondary antibodies were Cy3 (donkey anti-mouse, 1∶500, Jackson laboratories), and Alexa flour 555 (goat anti-rabbit, 1∶600, Invitrogen).

Immunoblotting {#s2h}
--------------

Cells were lysed in SDS sample buffer, boiled for 5 min and separated by SDS-PAGE. Proteins were electrophoretically transferred onto a Hybond-P membrane (GE Healthcare, Uppsala, Sweden). Membranes were incubated with the following primary antibodies: mouse anti-NOS2 (C-11, Santa Cruz) and mouse anti-tubulin (Santa Cruz). The immunodetection was performed as described for the ECL immunoblotting detection system (GE healthcare) and using the Kodak Image station 4000 MM.

Microscopic analysis {#s2i}
--------------------

Immunolabelled slides were analysed in a Nikon Eclipse E800 fluorescence microscope.

Flow cytometry analysis of ERK, Akt and FAK phosphorylation {#s2j}
-----------------------------------------------------------

The following primary antibodies were used: PerCP-conjugated Phospho-ERK1/2(T202/Y204) (Becton Dickinson), PE-conjugated Phospho-Akt(T473) (Becton Dickinson), rabbit Phospho-FAK(Y397) (Invitrogen) and rabbit Phospho-FAK(Y576/577) (Cell Signaling). Secondary antibody for the phospho-FAK antibodies was DyLight 650 (goat anti-rabbit, Abcam). Briefly, cells were rapidly fixated, according to the protocol of the BD Phosflow kit (Becton-Dickinson). The cells were then permabilised, incubated with antibodies and washed for flow cytometry analysis (FACSCalibur) of fluorescent signals.

Statistical analysis {#s2k}
--------------------

Data were analysed using Student\'s paired t-test. Significance was taken at p\<0.05.

Results {#s3}
=======

Effects of NCSC-beta-TC6 co-culture on cytokine-induced cell death, nitrite production and iNOS expression {#s3a}
----------------------------------------------------------------------------------------------------------

In a previous study we observed that NCSCs partially protect beta-cells against cytokine-induced death when co-cultured [@pone.0061828-Ngamjariyawat1]. However, we could not determine whether protection was obtained by the release of soluble factors, or whether a direct cell-cell contact was required. We have therefore presently co-cultured NCSC with insulin producing mouse beta-TC6 cells with or without 0.4 micrometer cell culture inserts that allow passage of soluble factors, but not direct cell-to-cell contact. We observed that cytokine-induced beta-TC6 cell death was counteracted by co-culture with NCSC ([Figure 1](#pone-0061828-g001){ref-type="fig"}). When cells were separated by inserts that allow passage of soluble factors no protection against cytokines was detected ([Figure 1](#pone-0061828-g001){ref-type="fig"}). This suggests that a direct contact between beta-TC6 cells and NCSCs was needed for protection. NCSCs did not respond to cytokine exposure, either when cultured alone or in combination with beta-TC6 cells ([Figure 1](#pone-0061828-g001){ref-type="fig"}).

![Co-culture of beta-TC6 cells with NCSCs in direct contact results in protection against cytokine-induced beta-cell death.\
NCSCs were plated on laminin-coated plates or inserts and after three days beta-TC6 cells were added. After another 48 hours, IL-1β (20 ng/mL) and IFN-β (20 ng/mL) was added. 48 hours later cells were labeled with propidium iodide, trypsinised and analysed for cell death by flow cytometry. GFP-positive cells (NCSCs) and GFP-negative cells (beta-TC6) were gated and analysed separately. Results are means ± SEM for 5 independent experiments. \*\* denotes p\<0.01 using Student\'s paired t-test.](pone.0061828.g001){#pone-0061828-g001}

Cytokines promote rodent beta-cell death *in vitro* mainly by activation of the inducible nitric oxide synthase (iNOS) enzyme [@pone.0061828-Eizirik1]. To investigate whether co-culture of beta-TC6 cells with NCSCs affected iNOS induction, we next analysed nitrite, which is the end product of iNOS-derived nitric oxide. Nitrite levels in cells not exposed to the cytokines IL-1β and IFN-γ were non-detectable (results not shown). In cytokine-exposed cells nitrite production was some 10-fold higher in beta-TC6 cells than in NCSCs when cultured alone ([Figure 2](#pone-0061828-g002){ref-type="fig"}). Co-culture of beta-TC6 cells and NCSCs separated by an insert did not affect nitrite production ([Figure 2](#pone-0061828-g002){ref-type="fig"}). However, co-culture without inserts resulted in a potentiated nitrite production as compared to beta-TC6 cells alone ([Figure 2](#pone-0061828-g002){ref-type="fig"}).

![Co-culture of beta-TC6 cells with NCSCs in direct contact results in increased nitrite production in response to cytokine exposure.\
NCSCs were plated on laminin-coated plates or inserts and after three days beta-TC6 cells were added. After 48 hours of co-culture IL-1β (20 ng/mL) and IFN-γ (20 ng/mL) was added during another 48 hour culture period. At the end of this culture period culture medium samples were analysed for nitrite using the Griess reagent. Results are means ± SEM for 4 independent experiments. \* denotes p\<0.05 using Student\'s paired t-test.](pone.0061828.g002){#pone-0061828-g002}

To evaluate the origin of cytokine-induced nitric oxide production, we stained the cells cultured without inserts for iNOS immunoreactivity. The beta-TC6 cells were observed as non-GFP positive cells located as cell islands surrounded by the GFP-positive NCSC monolayer ([Figure 3A](#pone-0061828-g003){ref-type="fig"}). No iNOS staining could be observed in cells not treated with cytokines. Cytokine treatment resulted in a clear loss of beta-TC6 cells when cultured alone ([Figure 3A](#pone-0061828-g003){ref-type="fig"}). Among the remaining beta-TC6 cells some exhibited clear iNOS immunoreactivity. Also when co-cultured with NCSCs some beta-TC6 cells were iNOS positive ([Figure 3A](#pone-0061828-g003){ref-type="fig"}). None of the NCSCs displayed iNOS immunoreactivity. To further corroborate that iNOS is expressed only in cytokine-treated beta-TC6 cells, and not in NCSCs, we performed immunoblot analysis of the two cells types. We observed iNOS immunoreactivity in cytokine-treated beta-TC6 cells, but not in NCSCs ([Figure 3B](#pone-0061828-g003){ref-type="fig"}). Thus, nitric oxide is mainly produced by beta-TC6 cells, and a higher survival rate, induced by direct co-culture with NCSCs, allows a further enhanced and/or prolonged nitric oxide production.

![Expression of iNOS can be detected in beta-TC6 cells.\
(A) Non-GFP positive beta-TC6 cells were either cultured alone (left panels) or together with GFP-positive NCSC cells (right panels, green cells) on laminin-coated cover slips. Cells were treated with 20 ng/mL of IL-1β and 20 ng/mL of IFN-γ for 48 hours. Cells were then fixated, permeabilized and stained for iNOS (red). Nuclei were visualized by Hoechst. Fluorescence was then photographed in a fluorescence microscope using a 40× lens. The white scale bar depicts a distance of 100 µm. Results are representative for three independent experiments. (B) Immunoblot analysis of NCSCs (left panel) and beta-TC6 cells (right panel). Both cell types were cultured alone. Cells were stimulated for 12 hours with IL-1β and IFN-γ and then analysed for iNOS expression by immunoblot analysis. As loading control tubulin was used. The results are representative for three observations.](pone.0061828.g003){#pone-0061828-g003}

Effects of beta-TC6 and NCSC cell co-culture on laminin, alpha6-integrin and phospho-FAK immunofluorescence {#s3b}
-----------------------------------------------------------------------------------------------------------

To explore the mechanisms by which direct contacts between NCSCs and beta-TC6 cells promote improved beta-cell survival, we next immunostained for the laminin-integrin-focal adhesion kinase (FAK) cell adhesion pathway. No laminin immunoreactivity was observed in beta-TC6 cells cultured alone ([Figure 4](#pone-0061828-g004){ref-type="fig"}). The staining of the co-cultured cells revealed that NCSCs, but not beta-TC6 cells, produce laminin ([Figure 4](#pone-0061828-g004){ref-type="fig"}). The laminin immunoreactivity of the NCSCs often came in close contact with the laminin negative beta-cells ([Figure 4](#pone-0061828-g004){ref-type="fig"}, circleheads). This raises the possibility that beta-TC6 cells, via integrins, attach to the NCSC-produced extracellular matrix protein laminin. We therefore analysed alpha6-integrin immunostaining, a laminin-binding extracellular matrix receptor [@pone.0061828-Kilkenny1]. Beta-TC6 cells cultured alone displayed a weak cytoplasmic alpha6-integrin signal ([Figure 4](#pone-0061828-g004){ref-type="fig"}). When co-cultured with NCSCs, however, this signal was not increased. Instead, NCSCs displayed clear alpha6-integrin signals, which were often localized to plasma membrane regions of NCSCs ([Figure 4](#pone-0061828-g004){ref-type="fig"}). This indicates that laminin/alpha6-integrin interactions occur predominantly in NCSCs, but may also be present in beta-TC6 cells. To test this further, we next studied phospho-FAK(Y397) immunostaining. Integrin receptor activation affects beta-cell function, survival and proliferation [@pone.0061828-Parnaud1], and often stimulates FAK phosphorylation and accumulation at focal adhesion sites. Beta-TC6 cells cultured in the absence of NCSCs contained numerous phospho-FAK stained focal adhesions localized at the plasma membrane ([Figure 4](#pone-0061828-g004){ref-type="fig"}). These phospho-FAK positive sites were less frequent in NCSCs. Interestingly, beta-TC6 cells, when co-cultured with and surrounded by NCSCs, displayed a clear decrease in the number of phospho-FAK focal adhesions ([Figure 4](#pone-0061828-g004){ref-type="fig"}). Thus, direct contact with NCSCs may efficiently hinder the formation of beta-TC6 cell focal adhesions, even though laminin is produced by surrounding NCSCs.

![Co-culture of beta-TC6 cells with NCSCs affects beta-TC6 cell focal adhesions.\
Non-GFP positive beta-TC6 cells were either cultured alone (left panels) or together with GFP-positive NCSC cells (right panels, green cells) on laminin-coated cover slips. Cells were treated with 20 ng/mL of IL-1β and 20 ng/mL of IFN-γ for 48 hours and were then fixated, permeabilized and stained for laminin (orange), integrin alpha VI (orange) or phospho-FAK(Y397) (red). Nuclei were visualized by Hoechst. Fluorescence was photographed in a fluorescence microscope using a 20× lens. Circleheads indicate positions of NCSC laminin accumulations close to beta-TC6 cells. The scale bar depicts a distance of 50 µm. Results are representative for three independent experiments.](pone.0061828.g004){#pone-0061828-g004}

Cytokine exposure did not affect laminin or alpha6-integrin immunostaining patterns in beta-TC6 cells, neither when cultured alone nor when co-cultured with NCSCs (results not shown). However, the phospho-FAK(Y397) signal appeared stronger in cytokine-exposed beta-TC6 cells as compared to non-cytokine exposed beta-TC6 cells (results not shown).

Effects of beta-TC6 and NCSC cell co-culture on the phosphorylation of ERK, Akt and FAK {#s3c}
---------------------------------------------------------------------------------------

To further corroborate our finding that direct contacts with NCSCs dampen beta-TC6 cell FAK activation, we next analysed the effect of co-culture on beta-TC6 cell ERK(T202/Y204), Akt(S473), FAK(Y397) and FAK(Y576/577) phosphorylation by flow cytometry and the Becton-Dickinson Phosflow technique. This approach allows quantification of phospho-protein levels in a specific cell population, rather than in all cells of the co-culture. Intracellular ERK, Akt and FAK phosphorylation was studied in beta-TC6 and NCSCs, by FL1-gating of non-GFP and GFP-positive cells separately, and then quantifying FL2 (PE-conjugated phospho-Akt antibody) and FL3 (PerCP-conjugated phospho-ERK) signals in the two cell populations. We observed significant decreases in phospho-ERK, phospho-FAK(Y397) and phospho-FAK(Y576/577) levels in beta-TC6 cells co-cultured with NCSCs, as compared to beta-TC6 cells cultured alone ([Figure 5](#pone-0061828-g005){ref-type="fig"}). There was also a trend to lower phospho-Akt, but this did not reach statistical significance. Nevertheless, the present flow cytometry results correspond well to the immunostaining results ([Figure 4](#pone-0061828-g004){ref-type="fig"}), as both methods report lowered FAK activation.

![Effects of co-culture on beta-TC6 cell ERK, AKT and FAK phosphorylation.\
NCSCs were plated on laminin-coated plates or inserts and after three days beta-TC6 cells were added. After 48 hours of co-culture IL-1β and IFN-γ was added during another 48 hour culture period. Cells were then analysed for ERK1/2(T202/Y204), Akt(T473), FAK(Y397) and FAK(Y576/577) phosphorylation using the Becton Dickinson Phosflow technique. Results are means ± SEM for 3 independent observations. \* denotes p\<0.05 using Student\'s paired t-test.](pone.0061828.g005){#pone-0061828-g005}

Exposure to cytokines for 48 hours did not significantly affect ERK and Akt phosphorylation, but the phosphorylation of FAK(Y576) was stimulated by cytokines in beta-TC6 cells ([Figure 5](#pone-0061828-g005){ref-type="fig"}). Phosphorylation levels were not affected in NCSCs, either cultured alone or co-cultured with beta-TC6 cells (results not shown).

Effects of beta-TC6 and NCSC cell co-culture on cadherin and beta-catenin immunofluorescence {#s3d}
--------------------------------------------------------------------------------------------

Cadherin junctions are strong mediators of beta-cell survival [@pone.0061828-Parnaud2] and NCSC competence [@pone.0061828-Curchoe1], [@pone.0061828-Klber1]. Using a pan-cadherin antibody, we next analysed the microscopic appearance of cadherin junctions in the beta-TC6/NCSC co-cultures. We registered cadherin accumulation at the plasma membrane of adjacent cells, both between beta-TC6 cells ([Figure 6](#pone-0061828-g006){ref-type="fig"}, arrowheads) and between NCSCs, as well as between beta-TC6 cells and NCSCs ([Figure 6](#pone-0061828-g006){ref-type="fig"}, circleheads). Also beta-catenin, the intracellular link between cadherin junctions and the cell cytoskeleton, displayed a similar staining pattern ([Figure 6](#pone-0061828-g006){ref-type="fig"}). We observed that peripheral beta-TC6 cells, which were not completely surrounded by other cells, at the circumference of the cell monolayer lacked cadherin and beta-catenin accumulations ([Figure 6](#pone-0061828-g006){ref-type="fig"}, squareheads). In contrast, both cadherin and catenin were abundantly present in beta-TC6 cells when the cells were tightly surrounded by NCSCs ([Fig. 6](#pone-0061828-g006){ref-type="fig"}, circleheads). This indicates that beta-TC6 cells form functional cadherin junctions with NCSCs that fill out the entire circumference of the cells. Beta-catenin and cadherin immunofluorescence patterns in beta-TC6 and NCSC cells were not affected by cytokines (results not shown).

![Beta-TC6 cells and NCSCs form cadherin junctions.\
Non-GFP positive beta-TC6 cells were either cultured alone (left panels) or together with GFP-positive NCSC cells (right panels, green cells) on laminin-coated cover slips. Cells were then fixated, permeabilized and stained for pan-cadherin or beta-catenin (red). Nuclei were visualized by Hoechst. Fluorescence was then photographed in a fluorescence microscope using a 20× lens. Arrowheads indicate positions of cadherin/beta-catenin junctions between beta-TC6 cells and circleheads indicate positions of junctions between beta-TC6 cells and NCSCs. Squareheads indicate positions of outer circumference of beta-TC6 not surrounded by NCSCs. The scale bar depicts a distance of 5 µm. Results are representative for three independent experiments.](pone.0061828.g006){#pone-0061828-g006}

Inhibition of gap junction activity did not affect co-culture-induced protection against cytokine-induced beta-TC6 cell death {#s3e}
-----------------------------------------------------------------------------------------------------------------------------

As gap junctions have been reported to promote beta-cell survival [@pone.0061828-Klee1], we performed cell viability determinations on beta-TC6 cell/NCSC co-cultures with the gap junction inhibitor carbenoxolone. We observed that cytokine-induced beta-TC6 cell death was not affected by the gap junction inhibitor, neither when beta-TC6 cells were cultured alone, nor when beta-TC6 cells were co-cultured with NCSCs ([Figure 7](#pone-0061828-g007){ref-type="fig"}).

![A gap junction inhibitor does not affect co-culture-induced protection against cytokines.\
NCSCs were plated on laminin coated plates and after three days beta-TC6 cells were added. After another 48 hours, IL-1β (20 ng/mL) and IFN-γ (20 ng/mL) was added alone or in combination with the gap junction inhibitor carbenoxolone (50 µM). 48 hours later cells were labeled with propidium iodide, trypsinised and analysed for cell death by flow cytometry. GFP-positive cells (NCSCs) and GFP-negative cells were gated and analysed separately. Results are means ± SEM for three separate observations.](pone.0061828.g007){#pone-0061828-g007}

Discussion {#s4}
==========

Previous studies have reported stimulatory effects of the co-culture of NCSCs and beta-cells on beta-cell proliferation [@pone.0061828-Grouwels1] and beta-cell function following transplantation to diabetic mice [@pone.0061828-Olerud1]. In addition, it has also been reported that beta-cell survival in response to cytokines is increased when co-cultured with NCSCs [@pone.0061828-Ngamjariyawat1]. Although the beneficial effect of co-culture on beta-cell proliferation required direct cell-to-cell contacts [@pone.0061828-Grouwels1], it has remained unknown whether protection against cytokine-induced death was mediated by soluble factors or mediated by direct cell-to-cell contact. However, in the present investigation we observe that also improved viability following cytokine exposure requires direct cell-to-cell contacts. Thus, the same cell-to-cell contacts might mediate not only increased beta-cell proliferation, but also improved beta-cell function and survival in response to cytokines.

The nature of the direct cell-to-cell contacts has previously not been elucidated. Here we analysed cadherin junctions, integrin-ECM interactions and gap junctions between NCSCs, islet cells and these cells in co-cultures. We report that beta-TC6 and NCSC cells are linked by cadherin junctions. These structures are likely to be composed of Neuronal-cadherin (N-cadherin) and/or Epithelial-cadherin (E-cadherin), as both beta-cells and NCSCs are known to express these homophilic adhesion molecules, depending on the developmental stage of the two cell types [@pone.0061828-Dahl1]--[@pone.0061828-Johansson1]. Cadherin junctions between beta-cells promote improved survival and function [@pone.0061828-Parnaud2], and it is possible that also cadherin junctions between NCSC and beta-TC6 cells exert similar effects. The cadherin-induced signaling pathways that mediate resistance to cell death are probably highly complex and context dependent, but studies have reported increased calcium inflow [@pone.0061828-HaugeEvans1], decreased beta-catenin nuclear translocation [@pone.0061828-Herzig1] and decreased ERK phosphorylation [@pone.0061828-Iwashita1] as possible down-stream signaling events.

In addition to cadherin junctions, we presently also observed that direct beta-TC6/NCSC interactions result in increased laminin production and decreased ERK/FAK signaling. It is not clear why the presence of NCSCs promoted decreased ERK/FAK signaling, but we can envisage two possible explanations. First, using pancreatic islet cells it has been reported that alpha6-integrin binding to collagen IV stimulates ERK activation, whereas integrin binding to laminin instead down-regulates ERK activation via a lowering of fibroblast growth factor receptor-1 (FGFR1) signaling [@pone.0061828-Kilkenny1]. In addition, insulin producing INS-1 cells responded to collagen IV, but not to laminin, with a stimulated FAK phosphorylation [@pone.0061828-Krishnamurthy1]. Therefore, the NCSC-derived laminin may have substantially altered the composition of the extra-cellular matrix so that the collagen effects fade out and the FAK/ERK-phosphorylation is attenuated. Second, it is also possible that strong cadherin junctions between beta-TC6 cells and NCSCs, via cis and trans lateral interactions, physically compete out beta-TC6 cell focal adhesions leading to lowered FAK/ERK signaling. Strong cadherin junctions are associated with a maintained epithelial phenotype and resistance against epithelial-to-mesenchymal transition [@pone.0061828-Heuberger1]. In addition, it has also been reported that cell interactions with specific laminins counteract epithelial to mesenchymal transition, thereby preventing de-differentiation and loss of beta-cell phenotype [@pone.0061828-Chapman1], [@pone.0061828-Banerjee1]. Thus, both cadherin junctions and NCSCs-produced laminin might modulate beta-TC6 cell integrin signaling so that ERK and FAK signaling are down-regulated, epithelial-to-mesenchymal transition is inhibited and survival is preserved. It is tempting to speculate that the two alternative explanations, i.e. increased cadherin and increased laminin, act synergistically to preserve beta-cell function and survival. Indeed, laminin-activated integrins have been reported to stabilize E-cadherin junctions in other cell systems [@pone.0061828-Stipp1].

Gap junctions are also direct cell-to-cell contacts that are potential mediators of beta-cell survival [@pone.0061828-Klee1]. In beta-cells it appears that connexin36 forms functional gap junctions that protect against cytokine-induced cell death [@pone.0061828-Klee1]. On the other hand, it has been reported that NCSCs express connexin43 prior to differentiation into mature cell types [@pone.0061828-Li1]. As there are numerous examples of functional heteromeric gap junctions, it is possible that such are present also in the presently observed beta-TC6/NCSC junctions. However, we observed no effect of the gap junction inhibitor carbenoxolone on betaTC6 cell survival, indicating that putative beta-TC6/NCSC gap junctions do not mediate improved beta-TC6 cell survival.

In summary, given the well-established pro-survival role of cadherin junctions, it is likely that the presently observed direct cell-to-cell contacts participate in protection against cytokine-induced cell death. In order to further corroborate these findings, it appears at first highly motivated to block NCSC-to-beta-TC6 cadherin junctions using cadherin-disrupting antibodies [@pone.0061828-HaugeEvans1]. Unfortunately, such a strategy would also disrupt beta-TC6-to-beta-TC6 junctions, which would probably make the interpretation of any putative results highly problematic. Therefore, other experimental approaches need to be developed for a better understanding of the direct NCSC/beta-TC6 cell contacts. Meanwhile, it is possible that islet transplantation trials would benefit from co-transplantation with NCSCs or from manipulations that promote beta-cell cadherin junctions with neighboring cells.
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